Abstract The objective of this study was to monitor the impact of chlorination and chloramination treatments on heterotrophic bacteria (HB) and ammonia-oxidizing bacteria (AOB) inhabiting a water distribution system simulator. HB densities decreased while AOB densities increased when chloramine was added. AOB densities decreased below detection limits after the disinfection treatment was switched back to chlorination. The presence of AOB was confirmed using a group-specific 16S rDNA-PCR method. 16S rDNA sequence analysis showed that most bacterial isolates from feed water, discharge water, and biofilm samples were α-Proteobacteria or β-Proteobacteria. The latter bacterial groups were also numerically dominant among the sequences recovered from water and biofilm 16S rDNA clone libraries. The relative frequency of each culturable bacterial group was different for each sample examined. Denaturing gradient gel electrophoresis analysis of total community 16S rDNA genes showed notable differences between the microbial community structure of biofilm samples and feed water. The results of this study suggest that disinfection treatments could influence the type of bacterial community inhabiting water distribution systems.
Introduction
The demands for potable water have considerably increased worldwide in recent years due to human exponential growth. This fact has impacted the performance of water treatment facilities. One challenge to public health officials is to determine the extent of public exposure to microorganisms from water distribution systems (WDS). Culturing methods are currently used to determine microbiological water quality even though these methods tend to underestimate the bacterial densities in environmental samples and do not monitor for microbial pathogens. Moreover, culturable bacterial groups inhabiting distribution systems are notoriously slow growing microorganisms and as a consequence it can take several weeks before an accurate identification of culturable bacteria is achieved. Like most aquatic environments, WDS biofilms often harbor higher microbial densities than planktonic environments. Moreover, WDS biofilms form complex microbial assemblages that are difficult to study using culturing techniques. Recently developed nucleic acid based approaches do not depend on microbial growth in artificial media, and consequently avoid many of the shortcomings of the culture-based methods. The objective of this study was to monitor planktonic and biofilm bacteria present in a distribution system simulator subjected to chlorination and chloramination treatments. This study primarily focused on monitoring heterotrophic bacteria (HB) and ammonia-oxidizing bacteria (AOB) using culture-based and molecular-based methods. An additional goal was to identify bacteria inhabiting WDS biofilms using 16S rDNA sequencing analysis.
Materials and methods
Operating conditions: the Distribution System Simulator (DSS) at the EPA Test and Evaluation (T&E) facility was used to obtain biofilm and water samples. The DSS consists of six independent ductile iron pipe loops supplied with tap water from the Cincinnati Water Works. All loops are equipped with valved coupon assemblies and cast iron slides suspended within a recirculation tank. A single loop was used in this study. Six different disinfection regimes were applied to the system for a total period of 36 weeks. The loop was operated continuously for the first five weeks on tap water (0.03 to 0.37 mg/L of residual free chlorine and at 24.4 to 27.5°C) to determine the baseline density of culturable HB and AOB. At the end of five weeks, the feed water was treated with chloramine for nine weeks at a range of 1.57-1.85 mg/L of total chlorine residual. The chloramine feed was then adjusted down to approximately 0.6 ± 0.2 mg/L as total chlorine. Sampling continued for an additional six weeks before the disinfecting agent was changed to chlorine at a concentration of 1.12 ± 0.05 mg/L.
Microbiological procedures.
Water samples were collected in sterile bottles using aseptic techniques. Biofilm samples were collected from coupons or iron slides by sonicating for 30s to remove biomass. Total heterotrophic bacterial counts were determined using R2A agar plates (Reasoner and Geldreich, 1985) . Pure cultures were obtained by transferring bacterial colonies onto R2A plates two times. Biomass from representative colonies was resuspended in sterile water and aliquots (5 µl) from the resuspended cells were used as templates in 16S-PCR experiments (see below). AOB densities were estimated via a most probable number procedure while nitrite and nitrate formation were monitored using chemical procedures (Meckes et al., 1999) .
Molecular procedures. Biofilm samples were obtained by vortexing iron slides in 10 ml of phosphate buffer for 30 s. Bacteria from biofilm and water samples were concentrated via filtration onto 0.4 µm (pore size) 47 mm polycarbonate membranes. The membranes were transferred to sterile vials and DNA was then extracted using UltraClean Soil DNA Kit (MoBio Laboratories, Inc., Carlsbad, CA). Amplification of AOB-specific 16S rDNA was performed following Kowalchuk et al. (1998) . Amplification of 16S rDNA from bacterial isolates and from total community DNA was performed using universal primers 8f (5′-agagtttgatcctggctcag-3′) and 1525r (5′-aaggaggtgatccagcc-3′). Total community 16S rDNA PCR products were cloned using the TOPO-TA cloning kit (Invitrogen Corp., Carlsbad, CA). 16S rDNA clones with different restriction profiles (using AluI and MboI ) were used in sequence analysis studies. DNA sequence similarities were obtained using the Sequence Match (http://rdp.cme.msu.edu/html/analyses.html) and BLAST (www.ncbi.nlm.nih.gov/BLAST) programs. Phylogenetic affiliation of isolates and environmental clones at the genus level was based on greater than 93% gene sequence similarity with sequences deposited in public databases. Bacterial community fingerprints were generated using denaturing gradient gel electrophoresis (DGGE) following Simpson et al. (2000) .
Results and discussion
The following water quality data was obtained throughout this study: pH 8.02-8.31; total organic carbon, 0.47-1.03 mg/L; NH 4 -nitrogen <0.03-0.56 mg/L; NO 3 -nitrogen, 0.04-1.65 mg/L; phosphates, <0.04-0.09 mg/L; calcium, 23.3-47.3 mg/L; iron, <0.001-0.030 mg/L; copper, <0.001 mg/L; lead, <0.001 mg/L; total alkalinity, 62.2-84.4 mg/L (as CaCO 3 ). The ammonia-nitrogen concentration varied with the disinfectant and, as expected, some excess ammonia was present whenever chloramines were used as a primary disinfecting agent. Copper and lead concentrations in the feed water remained below detection limits. The variation observed in the concentrations of other water quality parameters measured was relatively small.
Biofilm samples consistently showed the highest HB densities as compared to water bacterial densities ( Figure 1A ). Discharged water showed considerable increases in HB counts, most notably after the chloramine concentration was lowered to 0.6 mg/L. This coincided with a decrease in biofilm bacterial densities during the same period, possibly due to bacterial detachment from the biofilm community. AOB densities remained very low (i.e., < 10 MPN/ml) during the first 13 weeks of this study in both biofilms and bulk water samples, although the presence of AOB became noticeable in discharged-water cultures much earlier than in biofilm samples ( Figure 1B ). AOB were not uniformly detected in biofilm samples until week 19, several weeks after chloramine levels were reduced to 0.6 mg/L. While it is possible that the higher chloramine levels could have retarded AOB growth in biofilms, it should be noted that AOB growth has been observed in chemostat reactors under twice the levels of chloramine used in this study (Noguera et al., unpublished results) . Switching the conditions to chlorination had an immediate negative effect on AOB densities in the bulk water, while AOB-biofilm densities did not decrease as rapidly. Interestingly, AOB densities in both biofilms and discharged water samples quickly bounced back after chloramination treatment was reestablished.
DNA amplification with universal primers 8f and 1525r produced the predicted size PCR products for both WDS bacterial isolates and for total community DNA (i.e., ca. 1500 bp; Figure 2 ). Between 600-1,000 bases of the 16S rDNA were used to identify the phylogenetic affiliation of the WDS bacterial isolates and the environmental clones examined. Four isolates were identified as Gram-positive bacteria closely related to Amycolatopsis, Nocardia, and Mycobacterium subgroups. Two isolates belonged to the γ-Proteobacteria, specifically Xanthomonas sp., while the rest of the isolates (i.e., 31 isolates) were identified as α-and β-Proteobacteria. The α-proteobacterial strains showed sequence similarity to the following genera Erythrobacter, Porphyrobacter, Sphingomonas and Phenylobacterium. Figure 2 16S rDNA amplification products of bacterial isolates (A1-A6) and total community DNA (B1-B5). For both bacterial isolates and community DNA, 16S rDNA products were consistently of the predicted size (approximately, 1,500 base pairs). Different molecular markers (i.e., M) were used to determine the size of the PCR products in each particular case
The β-proteobacterial strains were related to Dechlorimonas, Rhodocyclus, Rhodofera, Aquaspirillum, and Hydrogenophaga. While 16S rDNA sequence analysis was capable of predicting the phylogenetic affiliation of all the isolates examined in this study, a previous study showed that only 15% of the bacteria isolated from WDS were identifiable using lipid-based profiling (AWWARF, 1995) . The latter results were attributed to the use of fatty acid databases of bacteria primarily grown on rich nutrient media. Therefore, 16S rDNA sequence analysis should be the method of choice for the more accurate phylogenetic placement of WDS isolates.
The following bacterial groups are closely related to the environmental 16S rDNA clones examined. Gram-positive bacteria: Mycobacterium, Thermomonosporaceae, Desulfosporosinus; α-Proteobacteria: Pedomicrobium, Hyphomicrobium, Sphingomonas; β-Proteobacteria: Dechlorimonas, Dechlorosoma, Aquaspirillum, Propionivibrio; and γ-Proteobacteria: Legionella. Sequences representative of α-and β-Proteobacteria were the most abundant (ca. 74%). A higher percentage of Gram-positive bacterial groups were represented in the clone libraries than in the bacterial isolates examined (i.e., 24% vs 11%, respectively). Several environmental clones were not identifiable at the species level using 16S rDNA analysis due to low sequence similarity with available sequences. However, the phylogenetic affiliation of the latter clones was determined at the subdivision level (e.g., α-versus β-Proteobacteria). Other clones were affiliated to uncultured bacteria suggesting that novel bacterial groups inhabit water distribution systems. Since WDS bacterial isolates are not well represented in the available molecular databases the culturability of the predominant WDS bacteria remains uncertain. However, the fact that the sequences of several environmental clones are closely related to bacteria that have been previously grown on artificial media suggests that a relatively high number of WDS bacteria are culturable. These results are compatible with results from recent studies showing that culturable bacteria are among the dominant bacteria in groundwater and distribution system biofilms (Kalmbach et al., 1997) . Improvements in the chemical composition of artificial media might result in a higher recovery of culturable bacteria. A better understanding of the conditions that stimulate growth of oligotrophic bacteria is also needed to consistently grow and maintain WDS bacteria in the laboratory.
Amplification products of V3 variable region of 16S rDNA using universal DGGE primers were approximately 250 bp in size for all WDS microbial communities tested (data not shown). Image analysis of V3-16S rDNA DGGE amplicons indicated that the bacterial community structure for two replicate biofilm samples exposed to chloramine were 81.8% 1 2 3 4 5 6 M Figure 3 Bacterial community DGGE patterns for water samples treated with chloramine from a southwestern state (lanes 1-3) and from the distribution system simulator used in this study (lane 4). Lanes 5 and 6 represent DDGE patterns for biofilm samples collected concurrently with the water sample from lane 4 similar to each other based upon Sorenson's index of diversity (Figure 3 , lanes 5 and 6). On average, the biofilm communities were 38% similar to the microbial communities found in the distribution system feed water (Figure 3 , lane 4). Differences in 16S rDNA DGGE profiles between biofilm and bulk water bacterial communities were also observed for samples exposed to chlorine treatments (data not shown). These results show significant differences in community structure between the bulk water and biofilms in distribution systems. Interestingly, DGGE patterns for water bacterial communities treated with chloramine from a distribution system located in the southwestern part of the United States show some discernable differences between themselves and between chloraminated water collected from the distribution system simulator used in this study (Figure 3, lanes 1-4) . Since we expect similar results for chlorinated waters, these results suggest that a high diversity of bacteria is capable of inhabiting distribution systems regardless of the treatment technology. The phylogenetic affiliation of bacterial clones obtained with DGGE and how these bacterial populations change with the different treatment technologies will be the focus of future research work. AOB-PCR products were not detected directly from water or biofilm samples possibly due the low AOB densities in these samples (i.e., < 100 cells/ml), unless biomass was concentrated from 1 L of water (Figure 4, lanes 1-5) . Consequently, a nested PCR approach was used to detect AOB from liquid enrichments (Figure 4, lanes 6-8) . The approach consisted in using universal primers 8f and 1525r to amplify all bacterial 16S rDNA genes, followed by another PCR step using the AOB-16S rDNA specific primers. Amplicons of the expected size were detected from one-week enrichments using this two-step approach. In contrast, a four-week incubation is often necessary to detect AOB using culturing techniques. Sequencing analysis of PCR products indicated the presence of Nitrosomonaslike bacteria. The presence of Nitrosomonas spp. in WDS was also documented in a recent study (Regan et al., 2002) .
Conclusions
The correct identification of planktonic and biofilm bacteria in distribution systems has been difficult to achieve using conventional microbiological tools. In this study it was demonstrated that 16S rDNA sequence analysis is a viable approach for classifying WDS bacteria. This information is necessary to understand the complexity and dynamics of WDS biofilm microbial communities, as WDS biofilms can harbor human microbial pathogens. Additionally, since culturing techniques underestimate bacterial counts in most ecosystems it is relevant to determine the number and identity of unculturable bacteria in WDS.
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Figure 4 AOB-16S rDNA PCR products using 10 ml, 100 ml, and 1 L (1, 2, 3-5, respectively) of chloraminated water samples and from one-week old enrichments using 100 ml (6), 10 ml (7) and 1 ml (8) While the relevance of unculturable biofilm bacteria in public health issues is unknown, the fact that some bacterial groups are present in high numbers suggests that they could play a role in the survival or regrowth of other bacteria (e.g., fecal coliforms). Consequently, a better assessment of biofilm microbial composition is needed to better monitor and predict the impact of WDS biofilm bacteria on public health. The results in this study also showed that PCR-based methods detected AOB in considerably less time than the conventionally used culture-based techniques. Interestingly, after chloramination treatments AOB population dynamics in biofilms were different than in the planktonic environment. In fact, AOB were more resilient to chlorine disinfection in biofilms than in the bulk phase. These results indicated that once AOB established themselves as part of the biofilm community, their complete elimination from the distribution system might require an extensive chlorination regime. Differences in HB population dynamics and total community structure between bulk and biofilm bacterial communities were also observed in this study. This large difference in the composition of bacterial communities between bulk water and biofilms suggests bias in water quality testing based solely on bulk water. Further research should be directed towards determining if biofilm monitoring needs to be incorporated in drinking water quality assessment.
